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Dynamical Downscaling of Seasonal
Climate Prediction over Nordeste Brazil with ECHAM3 and NCEP's Regional Spectral Models at IRI
Introduction
Atmospheric general circulation models (AGCMs) are capable of simulating some aspects of large-scale patterns of seasonal rainfall over the Tropics with cast Bulletin (Kirtman 1999) . Presently, long-lead SST anomaly forecasts are available on a regular basis not only for the tropical Pacific Ocean (Zebiak and Cane 1987) but also for the Atlantic (Repelli and Nobre 2001) and the Indian Oceans (Mason et al. 1999) . These SST forecasts are currently used in a two-tiered forecasting approach to generate seasonal rainfall and temperature forecasts globally (e.g., see http://iri.ldeo.columbia.edu/climate/forecasts/).
However, due to their coarse spatial and temporal resolutions, such seasonal climate forecasts are of limited practical value for decision makers. Coupling the outputs of seasonal climate forecasts with distributed hydrological models (Galvão et al. 1999) , or crop management algorithms, puts stringent requirements on the temporal and horizontal scales of the meteorological forecasts. Thus, it is of interest to evaluate to what extent the statistics of higher-frequency-smallerscale rainfall distribution is predictable over Nordeste Brazil, a region where seasonal mean interannual rainfall variability is itself highly predictable.
Due to computational constraints, AGCMs are typically run at a resolution far too course to provide information (e.g., precipitation, temperature) at spatial and temporal resolutions useful for direct application. One remedy for this is the adoption of a dynamical downscaling approach. A high-resolution limited-area model is run for the region of interest, forced by the large-scale circulation prescribed from a lower-resolution AGCM. Several studies already examined this approach for particular areas such as the Asian monsoon region (Ji and Vernekar 1997) and North America (Fennessy and Shukla 1998) . These simulation experiments used the National Centers for Environmental Prediction's (NCEP) Eta regional model ensembles with an 80-km horizontal grid nested on the Center for Ocean-Land-Atmosphere Studies AGCM at a horizontal truncation of R40. Their regional model nesting strategy resulted in simulated precipitation and circulation patterns that resembled observations better than did the corresponding AGCM simulated patterns. Dynamical downscaling has also been coupled with hydrological models. Leung et al. (1999) used the Pacific Northwest National Laboratory Regional Climate Model to downscale NCEP Medium-Range-Forecast (MFR) model simulations during the warm phases of ENSO. In their study, the regional model improved the rainfall simulations produced by the AGCM.
The present work is an actual dynamical downscaling forecast experiment (using actual SST forecast fields as oceanic lower-boundary conditions). The regional model of choice is an anomaly model, which uses the AGCM outputs over the entire regional domain as base fields. Additionally, two-step nesting is done to investigate whether the forecast rainfall fields resulting from the first nesting step of the regional model could be further improved. The study addresses the northern portion of South America during the period January-April 1999, which is the rainy season over the Brazilian Nordeste. Section 2 describes the methodology and data used; results and discussion are presented in section 3, followed by conclusions in section 4.
Methodology and data
The regional climate forecast system implemented at the IRI consists of the hydrostatic version of NCEP Regional Spectral Model (RSM) (Juang and Kanamitsu 1994) nested in the Max Planck Institute ECHAM3 AGCM. The one-way nesting of the regional model into the global model was done in a way that is different from conventional methods, which use global results along the lateral boundary zone only. The perturbation nesting method used here allows the global model to be used over the entire regional domain, not just in the lateral boundary zone. The dependent variables in the regional domain are defined as a summation of perturbation and base. The base is a timedependent prediction from the global model. All other features that cannot be predicted by the global model but can be resolved and predicted by the regional model in the regional domain are defined as perturbations. Nesting is done in such a way that the perturbation may be nonzero inside the regional domain but only zero outside of it. The perturbation computations in the regional domain include a semi-implicit time scheme, time filtering, initialization, and implicit horizontal diffusion.
Several test simulations were performed to determine the appropriate horizontal resolution and size of the computational domain. The size and specific geographic location of the computational domain has to be specified such that the terrain is smooth and there is no strong convection in the lateral buffer zone. We found that model outputs are sensitive to the model resolution and the location of lateral boundaries. The current domain (Fig. 1 ) represents a compromise between the requirement for high model resolution and the available computational resources. The nesting is done in two steps. 1) The regional model with 80 km × 80 km resolution in the horizontal (covering the region 23°S-16°N, 85°-25°W) and 18 levels in the vertical is nested within the global model, which has triangular truncation at wavenumber 42 (approximately 2.8° lat) and 18 levels in the vertical.
2) The regional model with horizontal resolution 20 km × 20 km (covering the region 13°-3°S, 44°-34°W) is further nested within the first nest domain. The perturbation produced by the RSM is largely compressed in the lateral buffer zone; thus the RSM outputs in the lateral buffer zone are not used in our analysis.
In the RSM, the surface physics calculations were performed using a two-layer soil model of Pan and Mahrt (1987) . The soil model is designed to describe the role of vegetation and interactive soil moisture in modifying the surface-atmosphere exchanges of momentum, energy, and water vapor. The vegetation type is mainly savanna over Nordeste and subtropical regions, and tropical forest over the Amazon basin. However, only one vegetation type can be specified in the soil model. Both savanna and forest over the whole domain were tested. With the specification of forest, the model not only overestimated the rainfall amount but also failed to capture the observed rainfall patterns over Nordeste. With the specification of savanna, the model produced rainfall reasonably well over Nordeste (see next section), although it underestimated rainfall in the Amazon basin, which is consistent with the Amazon deforestation study by Shukla et al. (1990) . This may imply that the effects of misrepresentation of vegetation over the Amazon basin in the model are mainly over the Amazon basin, and the impacts over Nordeste are small. Since Nordeste is our region of interest, we chose savanna over the whole domain in our study. Soil moisture and soil temperature are initialized by ECHAM's inputs.
Large-scale forcing for the regional forecast experiment was obtained from 10 AGCM forecast runs, each integrated for 8 months from distinct initial conditions in December 1998. Three AGCM runs were chosen to span the possible range of outcomes from the glo- bal model. Each of the three RSM-80 nested forecast experiment outputs were then used to force the RSM-20 runs. The large-scale information of zonal and meridional components of the wind, specific humidity, temperature, and surface pressure are updated every 6 h and are taken from the larger domain's model outputs. Global SST forecast values were obtained by blending NCEP's coupled model SST forecasts for the tropical Pacific (Ji et al. 1994) (Mason et al. 1999) , and damping the most recent 1-month-mean observed SST anomalies in the extratropics.
Monthly rainfall data used for verification were NCEP Climate Anomaly Monitoring System (CAMS)-a blend of rain gauge data over the continents and satellite estimates over the ocean (Janowiak and Xie 1999) -and rain gauge data over Brazil from Instituto Nacional de Meteorologia. Figure 2 shows the JanuaryApril 1999 observed rainfall, ensemble mean forecast rainfall for ECHAM3, RSM-80 over Nordeste and part of the Atlantic Ocean, and RSM-20 over the Nordeste. ECHAM3's forecast (Fig. 2b) resembles the observations (Fig. 2a) but overestimates rainfall amounts everywhere. In particular, the rainfall band over the equatorial region and Nordeste was too wide relative to observations. This resulted in a large positive rainfall bias over the northern part of Nordeste. The RSM-80 forecast (Fig. 2c) , on the other hand, shows a spatial pattern that resembles those of ECHAM3 and observations, but with reduced positive bias relative to the global model forecast. Yet, both ECHAM3 and RSM-80 forecast the maxima rainfall band along the equator [here identified with the Atlantic intertropical convergence zone (ITCZ)] displaced southward of observations. The rainfall pattern forecast by RSM-20 shown in Fig. 2d also overestimated observations, principally along the eastern coast and the interior mountain range. In both RSM-80 and RSM-20 runs, the same physics schemes are used. The cumulus convection parameterization scheme can show a significant sensitivity to horizontal resolution (Giorgi and Marinucci 1996) , and thus can present quite different behaviors in the nested models. The model results suggest that RSM-80 can produce the rainfall patterns reasonably well, while the cumulus convection parameterization (i.e., Kuo scheme in RSM) should be optimized for the RSM-20. The narrower ITCZ forecast by RSM-80 is shown in Fig. 3 , which depicts the latitude-time cross sections of rainfall averaged over the longitude band 40°-36°W for observations, and RSM-80 and ECHAM3 forecasts. While rainfall rates greater than 8 mm day −1 barely cross 2°S for the observations shown in Fig. 3a , the 8 mm day −1 contour reaches 4°S for the RSM-80 (Fig. 3b) and south of 6°S for the ECHAM3 (Fig. 3c) . Accordingly, the southernmost migration of the observed rainfall maximum shown in Fig. 3a (thick continuous line labeled "0") barely reaches the equator, while each of the RSM-80 and ECHAM3 rainfall maxima reach 2°S (Fig. 3b) and 4°S (Fig. 3c) , respectively. The results shown in Figs. 2 and 3 suggest that both the forecasts of broader ITCZ and its southward displacement explain in part the positive rainfall biases forecast over the Nordeste (figure not shown).
Results
While the analysis of seasonal biases may represent a first estimate of the model errors, they do not reveal possible discrepancies between the temporal distribution of forecast and observed rainfall within the season. For that end, the root-mean-square error (rmse) of the monthly data was calculated using rain gauge data over the Nordeste (Fig. 4) .
From the standpoint of rmse, Fig. 4 clearly shows that RSM-80 generated the best seasonal forecast among the three. The rmse for ECHAM3 over Nordeste is in part due to the unrealistically wide ITCZ forecast by the global model. One possible cause for the lower rmse associated with RSM-80 is the narrower ITCZ it generates, as inferred from Fig. 3 . However, the general improvement along the coast is an indication that surface processes may also be contributing to the better performance of the regional model. The spatial pattern of the rsme generated by RSM-20 (Fig. 4c) strongly projects onto the local orography (shown in Fig. 1b) , suggesting that orographical effects are contributing to the excessive rainfall forecast by RSM-20 over the mountain ranges. This again reveals the need to modify the convection scheme used by the regional model at the 20-km grid resolution, to correct for the excess rainfall produced in the presence of higher values of topography. The band of positive rainfall bias along the eastern shore of Nordeste could also be due to spurious low-level convergence induced by the mismatch of surface friction in the initial surface winds from the ECHAM to the 80-and 20-km grid resolution models. In addition, it will be necessary to refine the types of soil and vegetation for the region at comparable resolution. It is noteworthy, also, that the spatial pattern of the rsme field for RSM-80 (Fig. 4b) resembles that for RSM-20 (Fig. 4c) , but with magnitudes halved. Therefore, it is reasonable to assume that the RSM-80 rmse field is, in part, caused by topographic effect on the model's precipitation. The fact that RSM-20 nesting amplified RSM-80 systematic forecast errors over the mountain ranges in Nordeste suggests that surface processes do impact the seasonal rainfall forecast in the regional model. It indicates also that the convection scheme used in RSM-20 must be adjusted to the higher values of topography.
Although the spatial anomaly correlations between each of the forecasts and observation (station data interpolated to the models' grid) over the Nordeste are modest, again the RSM-80 showed the best result. The correlations are ECHAM3: 0.26; RSM80: 0.41; RSM20: 0.23.
In the analyses of model performance, it is also of interest to analyze the temporal variability of area averages. To this end, 5-day running means of daily rainfall averaged over the Nordeste (11.5°-3.5°S, 43.5°-35.5°W) were computed and are shown in Fig. 5 for observations (vertical bars) and each model ensemble mean forecasts (thick continuous line). Also shown in Fig. 5 are the area averages of each member forecast (thinner dashed lines). While both versions of the regional model present smaller rmse, bias, and intermember ensemble spread than the global model, RSM-80 (Fig. 5b) stands out as the best overall forecast for this experiment, with the least rmse and bias (Table 1) , as well as the smallest intermember spread. ECHAM3 (Fig. 5a) shows the largest rmse and bias (7.0 mm against the observation's 3.5 mm), also showing the largest spread of predictions among all models. Yet, it is interesting to observe in Fig. 5 the similarity among the temporal variability of the global and regional models' ensemble means, suggesting that the regional model area-averaged forecasts depend on the temporal variability of the global model forcing. This indicates that while the nesting process used in this work can improve the global model's forecast, much of the basic character of the temporal variability of area-averaged rainfall remains tied to the global model's forecast. Yet, there seems to be some mesoscale precipitation activity, which is forecast only by the regional models.
One new development that unfolds from the suggestion that the intraseasonal variability of both observed and forecast time series over the Nordeste is comparable (Fig. 5) is the possibility that the higher statistical moments of the rainfall distribution over the region are, to a certain extent, predictable. One such statistic is the temporal variance of rainfall about the mean (which already may indicate an anomaly) rainfall forecast over a certain area, which can be translated into shifts of the distribution of probability for the occurrence of dry spells or heavy rainfall periods over that area. These kinds of information have direct economic and social impacts on activities such as agriculture, water resources, and civil defense. Figure 6 shows the probability density function (pdf) for observations and each of the models forecast over the same area used for computing Fig. 5 . It was calculated by stratifying the area-averaged daily rainfall into 10 classes for the 4 months of the forecast experiment. The x axis in Fig. 6 shows the rainfall classes and the y axis the number of days per month that the area-averaged rainfall for the area of study fell into each class. The pdf curve for observations in Fig. 6 shows a characteristic gamma-shaped distribution, with maximum frequency of 1-5 mm day −1 . It is noteworthy that although the ECHAM3 and RSM-20 show a tendency toward a bimodal pdf distribution, RSM-80's pdf does not, and most resembles that of the observations. It shows the maximum frequency in the same class as that of observations (at the 1-5 mm day −1 class) and is essentially devoid of a secondary anomalous peak in the 7-11 mm day −1 class. The RSM-20's pdf also shows the most likely rainfall rate at 1-5 mm day −1 , but its secondary peak at 7-11 mm day −1 is the most pronounced among the forecasts. This feature of the RSM-20 forecasts is linked to the heavy rainfall totals along topographic elevations shown in Fig. 2c . The ECHAM3 forecasts also shows a bimodal, but less pronounced, pdf profile, with the maximum rainfall class at 3-7 mm day ).
that higher-order statistics of the weather can be predicted over some regions.
Another view of the analysis of weather variability statistics in seasonal timescales can be shown by the spatial distribution of the number of days within rainfall classes (e.g., without/light/moderate/heavy rainfall) per calendar month. Figure 7 shows the spatial distribution of the number of days without rainfall per calendar month for the RSM-80 ensemble forecasts (Figs. 7b,d ,f) and observations (Figs. 7a,c,e) over the portion of Brazil within the computational domain of RSM-80. The overall distribution of the areas with high and low number of days without rainfall as forecast by the RSM-80 shows good resemblance with that observed. The larger discrepancies are apparent over the mouth of the Amazon River and the southern boundary of the domain. Similarly, the spatial distributions of the number of days with light, moderate, and heavy rainfall (figures not shown) depicted good agreement with observations, even though the forecast numbers of days with moderate rainfall are generally larger than observed. This is in agreement with the positive error for the 7-11 mm day −1 rainfall class shown in Fig. 6 for all the models' forecasts. The spatial patterns of days with light, moderate, heavy, or without rainfall (figures not shown) for ECHAM3 did not compare well with observations, in great part due to the large positive biases of the ECHAM3 rainfall forecast (e.g., Fig. 2b and Fig. 6 ). This is one more aspect where the regional model at 80-km resoultion has shown a definitive improvement over the global model forecasts.
Conclusions
The IRI dynamical downscaling suite of atmospheric models (ECHAM3 plus RSM) was used to generate forecasts for the 1999 rainy season over northeast Brazil (Nordeste). The case shown suggests that the nesting strategy used was able to generate rainfall forecasts that were in closer agreement with observations, and better than the global model forecasts. The regional model at 80-km horizontal resolution generated the best forecasts, improving the global model's forecasts in terms of the bias, mean square error, and interensemble spread. The regional model at 20-km resolution also presented a smaller ) for the areaaveraged time series of the rainfall ensemble mean forecasts over the Nordeste for ECHAM3, RSM-80, and RSM-20 for the period 1 Jan-30 Apr 1999; and the mean and std dev for observed rainfall over the same area and period.
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FIG. 6. Probability density function of the number of days per months (y axis) vs classes (in mm day
−1 ) (x axis) of area-averaged daily rainfall over the Nordeste (11.5°-3.5°S, 44.5°-35.5°W) for the whole period of the experiment (Jan-Apr 1999). Observed, and forecast by ECHAM3, RSM-80, and RSM-20 are as shown by legend in the upper-right corner.
